Introduction {#S0001}
============

Abdominal aortic aneurysm (AAA) is characterized by the progressive dilation of the abdominal aorta, which results in a high mortality rate caused by vascular rupture. The aortic dilation progresses without any symptoms and the rupture of the AAA cannot be easily predicted. There are no medical treatments for preventing the dilation and rupture of AAAs. The few options for patients with increased risk of rupture include open surgical repair with prosthetic graft replacement or endovascular stent graft placement \[[1](#CIT0001),[2](#CIT0002)\].

It has shown that hypoperfusion of the vascular wall due to adventitial vasa vasorum arteriosclerosis can cause AAA \[[3](#CIT0003),[4](#CIT0004)\]. It was also reported that hypoperfusion of the vascular wall induce the abnormal appearance of vascular adipocytes, which is characteristic pathology of ruptured AAA wall that formed in a hypoperfusion-induced AAA model \[[5](#CIT0005),[6](#CIT0006)\]. Although adipocytes in the AAA wall have not been recognized as a major pathological feature of AAA, recent studies using human AAA samples suggest the pathological importance in AAA. It is reported that the abnormal appearance of adipocytes was observed in human AAA, and the amount of triglycerides, a major component in adipocytes, in the adventitia of the vascular wall is positively correlated with the AAA diameter \[[5](#CIT0005),[7](#CIT0007)\]. Doderer et al. reported that adipocytes were characteristically observed in the AAA wall compared with the vascular wall of popliteal artery aneurysm of which ruptures are rare\[[8](#CIT0008)\]. Gabel *et al*. reported an adipogenic signature in molecular fingerprint for terminal AAA\[[9](#CIT0009)\]. In addition, Krueger et al. reported the increased expression of proteolytic and inflammatory factors around the adipocytes in the adventitial layer in human AAA tissue\[[10](#CIT0010)\]. A recent mechanical study suggested the possibility that high adipocyte content in human AAA wall is involved in the vulnerability of AAA wall\[[11](#CIT0011)\]. These studies suggest that the abnormal appearance of adipocytes in the vascular wall is one of the important pathological events associated with the development of human AAA. However, the mechanisms underlying the abnormal appearance of adipocytes in the AAA wall remain unknown. Based on the evidence from previous human and animal studies, it has been speculated that inducing hypoperfusion in the vascular wall could cause the ectopic appearance of adipocytes. In this study, we performed a time-dependent pathological analysis of the hypoperfusion-induced vascular walls to elucidate the mechanisms underlying the abnormal appearance of adipocytes in the vascular wall.

Results {#S0002}
=======

Time-dependent changes of vascular diameter and adipocyte number in the hypoperfusion-induced animal model {#S0002-S2001}
----------------------------------------------------------------------------------------------------------

[Figure 1(a](#F0001)--[i](#F0001)) shows the time-dependent change of the abdominal aortae in hypoperfusion-induced animals. The dilation ratio showed a significant increase from 10 to 28 days after the induction of hypoperfusion compared to that on day 0 ([Figure 1(s](#F0001))). The number of adipocytes showed a significant increase from 14 to 28 days after the induction of hypoperfusion compared to that on day 0 ([Figure 1(s](#F0001))). Adipocytes in vascular wall were defined by positively staining with Oil Red O, and the two different adipocyte markers, expressions of peroxisome proliferator-activated receptor γ2 (PPARγ2) and adiponectin (Figure S1). The vascular wall showed significant thickening from 7 to 28 days after the induction of hypoperfusion compared to that on day 0 ([Figure 1(j](#F0001)--[r](#F0001), [t](#F0001))). Elastin fibers in the vascular wall were observed using Elastica van Gieson (EVG) staining (Figure S2(a--i)). The elastin degradation score was significantly increased from 5 to 28 days after the induction of hypoperfusion (Figure S2(j)). These results are summarized in [Table 1(a)](#T0001) to compare multiple pathological events.10.1080/21623945.2019.1636625-T0001Table 1.Time-dependent changes of mesenchymal stem cell (MSC) markers, adipocyte differentiation-related factors, vascular adipocyte number, and abdominal aortic aneurysm (AAA) formation. Day 1        0 hr3 hr6 hr24 hrDay 2Day 3Day 5Day 7Day 10Day 14Day 21Day 28**(a) Protein expression**HIF-1α-+++++++++++CD44\-\--+++++++++CD90\-\--+++++++++C/EBPβ\-\-\-\-\--++++++MKL1\-\-\-\-\-\-\--++++PPARγ2\-\-\-\-\-\-\--++++C/EBPα\-\-\-\-\-\-\-\-\--++AAA\-\-\-\-\-\-\--++++Adventitial adipocyte\-\-\-\-\-\-\-\--+++ Day 0Day 1Day 5Day 10Day 21       **(b) mRNA expression**HIF-1α-++++       CD44-++++       CD90\--+++       C/EBPβ\--+++       MKL1\-\--++       PPARγ2\-\--++       C/EBPα\-\--++       [^1] 10.1080/21623945.2019.1636625-F0001Figure 1.Time-dependent changes of the dilation ratio of the abdominal aorta and the number of adipocytes in the vascular wall. (a--i) Representative images of the abdominal aorta on days 0, 2, 3, 5, 7, 14, 21, and 28 after the induction of hypoperfusion (scale bar = 1.5 mm). (j--r) Representative images of the hematoxylin-eosin (HE) staining (scale bar = 200 µm). (s) Dilation ratio of the abdominal aorta and the number of adipocytes in the vascular wall. (t) Thickness of the vascular wall. Data are expressed as the mean ± SEM. \**P* \< 0.05 versus day 0. Day 0 (n = 5), day 2 (n = 5), day 3 (n = 5), day 5 (n = 5), day 7 (n = 5), day 10 (n = 6), day 14 (n = 5), day 21 (n = 5) and day 28 (n = 7).

Time-dependent changes of hypoxia-inducible factor-1α (HIF-1α) and mesenchymal stem cell (MSC) marker proteins in the hypoperfusion-induced vascular wall {#S0002-S2002}
---------------------------------------------------------------------------------------------------------------------------------------------------------

The area positive for HIF-1α was significantly increased from 2 to 28 days after the induction of hypoperfusion (Figure S3(a--j)). HIF-1α mRNA expression significantly increased from 1 to 21 days after the induction of hypoperfusion (Figure S3(k)). The ratio of cells that were positive for the MSC markers CD44^+^ and CD90^+^ showed a significant increase from 2 to 28 days after the induction of hypoperfusion (Figure S4). CD44 mRNA expression significantly increased from 1 to 21 days after the induction of hypoperfusion (Figure S4(t)). CD90 mRNA expression significantly increased from 5 to 21 days after the induction of hypoperfusion (Figure S4(t)). The results for mRNA expression are summarized in [Table 1(b)](#T0001) to compare multiple factors. To estimate their expressions within a short-term period, we examined the time-dependent changes for HIF-1α, CD44, and CD90 in the aortic wall from 0 to 24 hours after the induction of hypoperfusion (Figure S5). HIF-1α significantly increased from 3 to 24 hours after the induction of hypoperfusion (Figure S5(m)). CD44 and CD90 significantly increased at 24 hours after the induction of hypoperfusion (Figure S5(m)). Taken together, after the induction of hypoperfusion in the vascular wall, the expression of HIF-1α initially increased followed by an increase in CD44 and CD90 ([Table 1](#T0001)).

Time-dependent changes of adipocyte differentiation-related factors in the hypoperfusion-induced vascular wall {#S0002-S2003}
--------------------------------------------------------------------------------------------------------------

Next, we estimated the time-dependent changes of adipocyte differentiation-related factors. Areas that were positive for megakaryoblastic leukemia 1 (MKL1) and PPARγ2 significantly increased from 10 to 28 days after the induction of hypoperfusion (Figure S6(a--s)). Areas positive for CCAAT/enhancer-binding protein α (C/EBPα) significantly increased from 21 to 28 days after the induction of hypoperfusion (Figure S7(a--i, s)). C/EBPβ significantly increased from 5 to 28 days after the induction of hypoperfusion (Figure S7(j--r, s)). These results are summarized in [Table 1(a)](#T0001). MKL1 and PPARγ2 mRNA expressions significantly increased from 10 to 21 days after the induction of hypoperfusion ([Table 1(b)](#T0001), Figure S6(t)). C/EBPα mRNA expression significantly increased from 10 to 21 days after the induction of hypoperfusion ([Table 1(b)](#T0001), Figure S7(t)). C/EBPβ mRNA expression significantly increased from 5 to 21 days after the induction of hypoperfusion ([Table 1(b)](#T0001), Figure S7(t)). In sham operation without aortic wall ligation, AAA was not developed \[[4](#CIT0004),[12](#CIT0012)\], and the levels of HIF-1α and PPARγ2 on day 28 were not significantly different compared to those on day 0 (Figure S8).

Localization of HIF-1α and MSC markers in the hypoperfusion-induced AAA wall {#S0002-S2004}
----------------------------------------------------------------------------

CD44 co-localized with CD90 in both the AAA-neck ([Figure 2(a](#F0002)--[e](#F0002))) and AAA-sac walls ([Figure 2(n](#F0002)--[r](#F0002))). CD105 co-localized with CD90, but CD45 did not co-localized with CD90 in both the AAA-neck and AAA-sac walls (Figure S9). HIF-1α co-localized with CD44 and CD90 in the AAA sac wall ([Figure 2(s](#F0002)--[z](#F0002))), but not in the AAA-neck wall where hypoperfusion was not induced ([Figure 2(f](#F0002)--[m](#F0002))). These data suggest CD44^+^CD90^+^ cells are in a hypoxic condition in the AAA sac wall.10.1080/21623945.2019.1636625-F0002Figure 2.Co-localization of HIF-1α, CD44, and CD90 in the vascular wall. (a) Representative image of the AAA-neck wall with perivascular adipose tissue (PVAT). The squared area is representative area for analysis. Double-immunostaining for CD44 and CD90 (b--e), HIF-1α and CD44 (f--i), and HIF-1α and CD90 (j--m) in the abdominal aortic aneurysm (AAA)-neck wall. (n) Representative image of the AAA-sac wall with PVAT. The squared area is representative area for analysis. Double-immunostaining for CD44 and CD90 (o--r), HIF-1α and CD44 (s--v), and HIF-1α and CD90 (w--z) in the AAA-sac wall. Scale bar = 50 µm. Neck (n = 5) and sac (n = 5) walls.

Localization of adipocyte differentiation-related factors, CD44, and CD90 in the hypoperfusion-induced AAA wall {#S0002-S2005}
---------------------------------------------------------------------------------------------------------------

Both PPARγ2 and MKL1 were weakly observed in the neck wall ([Figure 3(a](#F0003)--[h](#F0003))). PPARγ2 co-localized with CD44 in the AAA-sac wall ([Figure 3(l](#F0003)--[o](#F0003))). MKL1 co-localized with CD90 in the AAA-sac wall ([Figure 3(p](#F0003)--[s](#F0003))). MKL1 was observed both in the nucleus and extranuclear region in the AAA-sac wall ([Figure 3(t](#F0003)--[w](#F0003))). C/EBPα and C/EBPβ were observed in the AAA-sac wall but not in the neck wall (Figure S10(a--h)). C/EBPα and C/EBPβ co-localized with CD90 in the AAA-sac wall (Figure S10(i--p)). These data suggested that CD44^+^ and CD90^+^ cells can differentiate into adipocytes in the AAA wall.10.1080/21623945.2019.1636625-F0003Figure 3.Localization of PPARγ2, MKL1, and mesenchymal stem cell (MSC) markers in the vascular wall. Double-immunostaining for CD44 and PPARγ2 (a--d), MKL1 and CD90 (e--h), and DAPI and MKL1 (i--k) in the abdominal aortic aneurysm (AAA)-neck wall. Double-immunostaining for CD44 and PPARγ2 (l--o), MKL1 and CD90 (p--s), and DAPI and MKL1 (t--v) in the AAA-sac wall. The squared area in the (v) panel is magnified in the (w) panel. The white and green arrows indicate the extranuclear and intranuclear regions, respectively. Scale bar = 50 µm. Neck (n = 5) and sac (n = 5) walls.

Removal of perivascular adipose tissue (PVAT) causes a decrease of adipocytes in the hypoperfusion-induced AAA wall {#S0002-S2006}
-------------------------------------------------------------------------------------------------------------------

To clarify the effect of removal of PVAT on the ectopic adipocytes, we compared the three kinds of vascular walls: 1, vascular wall without the induction of hypoperfusion (day 0); 2, vascular wall with induction of hypoperfusion (day 21); and 3, PVAT-removed vascular wall with the induction of hypoperfusion (day 21). PVAT was removed when the vascular hypoperfusion was induced (Figure S11). Adipocyte was not detected both in neck wall with and without the removal of PVAT (Figure S12). The number of adipocytes was significantly decreased in the PVAT-removed vascular wall compared with that in the vascular wall with PVAT ([Figure 4(a](#F0004)--[d](#F0004))). The positive areas for CD44 were significantly decreased by the removal of PVAT ([Figure 4(e](#F0004)--[h](#F0004))). The positive areas for CD90 were significantly decreased by the removal of PVAT ([Figure 4(i](#F0004)--[l](#F0004))). The positive areas for Mac 387 in the PVAT-removed vascular wall were not different from that in the vascular wall with PVAT ([Figure 4(m](#F0004)--[p](#F0004))). CD44 and CD90 were observed in the PVAT both on days 0 and 21 ([Figure 4(q](#F0004)--[v](#F0004))). The PVAT on days 0 and 21 was observed by hematoxylin-eosin (HE) staining (Figure S13). The positive areas for CD44 and CD90 in the PVAT were not significantly different between days 0 and 21 ([Figure 4(w](#F0004), [x](#F0004))). These data suggest that PVAT plays important roles in the appearance of both adipocytes and CD44^+^ and CD90^+^ cells in AAA wall.10.1080/21623945.2019.1636625-F0004Figure 4.Effects of the perivascular adipose tissue (PVAT) removal on the number of adipocytes and the areas positive for CD44, CD90 and Mac387 in the vascular wall. Representative images of hematoxylin-eosin (HE) staining (a--c) and the number of adipocytes (d). Representative images of the immunostaining for CD44 (e--g) and quantification of CD44 positive areas (h). Representative images of the immunostaining for CD90 (i--k) and quantification of the CD90 positive areas (l). Representative images of the immunostaining for Mac387 monocytes/macrophages (m--o) and quantification of Mac387 positive areas (p). (scale bar = 100 µm) Vascular wall without the induction of hypoperfusion (day 0) (n = 6), vascular wall with the induction of hypoperfusion (day 21) (n = 8) and PVAT-removed vascular wall with the induction of hypoperfusion (day 21) (n = 6). (q, r) Representative images of HE staining of PVAT on days 0 and 21 after the induction of hypoperfusion. Representative images of the immunostaining for CD44 (s, t) and CD90 (u, v). (scale bar = 50 µm) Quantification of areas positive for CD44 (w) and CD90 (x). Day 0 (n = 4) and day 21 (n = 3).

Effect of removal of PVAT on the development of AAA {#S0002-S2007}
---------------------------------------------------

The incidence rate of AAA was not different between two groups ([Figure 5(a](#F0005))). The AAA diameter (vascular dilation ratio) significantly decreased in the PVAT-removed vascular wall compared with that in the vascular wall with PVAT ([Figure 5(b](#F0005)--[d](#F0005))). Collagen-positive areas in the vascular wall significantly increased in the PVAT-removed vascular wall compared with the vascular wall with PVAT in regions without adipocytes ([Figure 5(e](#F0005)--[i](#F0005))).10.1080/21623945.2019.1636625-F0005Figure 5.Effect of PVAT removal on the development of AAA. (a) The incidence ratio of AAA (b) The effect of the removal of PVAT on AAA rupture ratio. (c) Representative images of the abdominal aorta on day 21 after the induction of hypoperfusion, and day 21 after the induction of hypoperfusion with the removal of PVAT (scale bar = 1.5 mm). (d) Dilation ratio of the aortic wall. (e-h) Representative images of picrosirius red (PSR) staining (scale bar = 50 µm). (i) Quantification of collagen positive area. The vascular wall with the induction of hypoperfusion (day 21) (n = 19), and PVAT-removed vascular wall with induction of hypoperfusion (day 21) (n = 14).

Discussion {#S0003}
==========

In this study, we performed a time-dependent pathological analysis of the vascular wall of a hypoperfusion-induced AAA model to clarify the molecular mechanism underlying the abnormal appearance of adipocytes in the AAA wall. CD44 and CD90 were co-localized in the aortic wall, and HIF-1α, MKL1, PPARγ2, C/EBPα, and C/EBPβ were co-localized with CD44 and/or CD90. The number of adipocytes and the positive areas for CD44 and CD90 were significantly decreased by day 21 in the PVAT-removed vascular wall. CD44 and CD90 were observed in the PVAT on days 0 and 21. These results suggested that PVAT plays important roles in the differentiation of CD44^+^ and CD90^+^ MSCs into adipocyte in the AAA wall.

MSCs are multipotent stromal cells with self-renewing abilities that can differentiate into a variety of cell types, including adipocytes, chondrocytes, osteoblasts, and smooth muscle cells\[[13](#CIT0013)\]. C/EBPβ was highly expressed in preadipocytes in the early stages of induction during their differentiation into adipocytes and subsequently, PPARγ expression was induced\[[14](#CIT0014)\]. During the later stages of differentiation, C/EBPα expression was induced and C/EBPα interacted with PPARγ\[[14](#CIT0014)\]. Our results were consistent with these processes during adipocyte differentiation. Under hypoxic conditions, human bone marrow-derived MSCs accelerated adipocyte differentiation, and HIF-1α and C/EBPs play important roles in the process of adipocyte differentiation\[[15](#CIT0015)\]. In the present study, the number of HIF-1α^+^, C/EBPα^+^, and C/EBPβ^+^ cells increased, and these cells co-localized with CD44 and CD90 in the hypoperfusion-induced vascular wall. A recent study reported that actin cytoskeleton dynamics induced adipocyte differentiation\[[16](#CIT0016)\]. In this study, extranuclear MKL1 expression was observed in CD90^+^ cells in the hypoperfusion-induced vascular walls. Therefore, the increased expression of PPARγ2 observed in the present study may be induced not only via the C/EBP pathway but also via the extranuclear MKL1 pathway. It has been reported that CD44^+^CD90^+^ MSCs were observed in the human AAA wall\[[17](#CIT0017)\]. Ciavarella et al. reported that MSCs isolated from human AAA tissue can differentiate into several cell types including adipocytes\[[18](#CIT0018)\]. These data suggest that CD44^+^CD90^+^ MSCs in the AAA wall can differentiate into adipocytes in the vascular wall under hypoxic conditions.

A putative potential mechanism underlying the ectopic appearance of adipocytes in the AAA wall is shown in [Figure 6](#F0006). Hypoperfusion due to the stenosis of vasa vasorum \[[3](#CIT0003)\] induce the migration of MSCs. MSCs contribute to the remodeling of the vascular wall under normal conditions; however, the MSCs express adipocyte differentiation-related factors and differentiated into adipocytes under the abnormal conditions in the AAA wall. Our data suggested that some MSCs in the AAA wall were derived from PVAT. In combination with other pathological events such as inflammation, the increased number of adipocytes in the AAA wall can increase predisposition to rupture of the AAA wall \[[5](#CIT0005),[6](#CIT0006),[12](#CIT0012),[19](#CIT0019),[20](#CIT0020)\]. A recent mechanical study suggested that adipocytes are associated with the weakness in the human AAA wall\[[11](#CIT0011)\], which was consistent with our hypothesis. We speculated that the differentiation from MSCs into adipocytes occurs only under the abnormal malperfusion condition in the AAA wall. Under normal conditions, MSCs might be involved in vascular remodeling by using its multipotent capability. It has been reported that MSCs accumulate at damaged tissues with the involvement of the stromal cell-derived factor 1α/C-X-C type chemokine ligand 4 axis protein under hypoxic conditions\[[21](#CIT0021)\]. MSCs migrated toward sites of tissue damage in response to high mobility group box 1 protein that is secreted from necrotic cells\[[22](#CIT0022)\]. Vascular wall-resident MSCs normally differentiate into smooth muscle cells and pericytes to play an important role in the stabilization of the vascular wall \[[23](#CIT0023),[24](#CIT0024)\]. Therefore, the use of pluripotent MSCs may be effective for the treatment of AAA. However, our data suggested that the unusual conditions in the AAA wall might disrupt the appropriate control of MSC differentiation. Furthermore, because MSCs in the aortic wall are capable of osteogenic differentiation \[[18](#CIT0018)\], it has been speculated that MSCs may ectopically differentiate into osteoblasts in the AAA wall under hypoperfused conditions. In addition, it has been reported that MSCs isolated from the human AAA wall significantly increased the expression and activity of MMP-9 compared with healthy MSCs\[[17](#CIT0017)\]. To establish a therapeutic strategy for AAA, it may be important to consider methods for the mitigation of vascular hypoperfusion or inhibition of abnormal differentiation of MSCs. In this study, we showed the pathological evidence focused on the hypoxic conditions as the result of vascular hypoperfusion. However, hypoperfusion can cause several other impacts on the vascular wall such as malnutrition. Further studies are needed to clarify the gap between hypoperfusion and the abnormal appearance of adipocytes in the AAA wall. Our data showed that positive areas for Mac387 are unaffected by the presence or absence of PVAT, suggesting monocyte/macrophage migrate from luminal blood flow to vascular wall in our experimental model. It is of interest to be able to characterize the origin of other cells in AAA wall in future studies.10.1080/21623945.2019.1636625-F0006Figure 6.Putative potential mechanism underlying the ectopic appearance of adipocytes in the AAA wall. Hypoperfusion in the aortic wall due to the obstruction of the vasa vasorum resulted in the appearance of CD44^+^CD90^+^ MSCs in the aortic wall. The increased CD44^+^CD90^+^ MSCs differentiated into abnormal adipocytes in the vascular wall with the expression of adipocyte differentiation regulatory factors. The appearance of adipocytes can cause a weakness of the vascular wall. It should be noted that this schema is a simplified focused on the adipocytes in the vascular wall. In the actual AAA wall, various pathological events, not only adipocytes accumulation, but also extracellular matrix degradation, microcalcification, and oxidative stress in the media, are involved in the development of AAA. Further studies are needed to elucidate the relationship between adipocyte infiltration and other AAA events.

Several studies showed that PVAT was involved in the formation of aneurysms in association with inflammatory cell infiltration in PVAT \[[25](#CIT0025)--[30](#CIT0030)\]. Inflammatory cells were observed in the PVAT--adjacent AAA wall of both human and experimental AAA animal models\[[31](#CIT0031)\]. Periaortic fat volume was associated with dimensions in the thoracic and abdominal aortae\[[32](#CIT0032)\]. Dias-Neto et al. reported the intra-individual difference was positively associated with aortic volume\[[33](#CIT0033)\]. They reported that PVAT density around the aneurysmal sac was higher than that around healthy neck. In this study, the AAA diameter (vascular dilation ratio) significantly decreased in the PVAT-removed vascular wall. It has been reported that the number of adipocytes in the AAA wall correlated with the AAA diameter\[[5](#CIT0005)\]. The decreased dilation ratio in the PVAT-removed group might be because of the decreased number of adipocytes in the PVAT-removed vascular wall. The weakness/limitation of this study is that we could not conclude the effect of PVAT on AAA rupture due to the limitation of experimental conditions. The rupture ratio in the animal model is usually around 10--15% in normal condition. This low rupture ratio is convenient for time-dependent analysis of the origin of adipocytes in this study. However, it is not suitable for obtaining enough samples to evaluate the effects of PVAT on AAA rupture. We have previously reported that the administration of a high fat diet increased the AAA rupture risk to about 50%\[[12](#CIT0012)\]. In these conditions, it would be possible to evaluate the effect of PVAT on the rupture risk in a reasonable sample size. Further studies are needed to elucidate the effect of PVAT on the AAA rupture in hypoperfusion-induced AAA animal model.

In conclusion, we show the effect of PVAT on the ectopic vascular adipocytes, which is one of the unrecognized potential contributors of the AAA development. Our data showed the possibility of unreported pathological interactions between PVAT and vascular wall in the development of AAA. The appearance of adipocytes might come as a result of unintended differentiation from MSCs under the vascular hypoperfusion. The maintenance of vasa vasorum blood flow in the vascular wall might be an effective strategy for the prevention of AAA rupture.

Materials and methods {#S0004}
=====================

Animals {#S0004-S2001}
-------

All animal experiments were approved by the Kindai University Animal Care and Use Committee and were performed according to the Kindai University Animal Experimentation Regulations (Approval number: KAAG-25--001). Six-week-old male Sprague-Dawley rats (Japan SLC, Inc., Shizuoka, Japan) were provided with food and water *ad libitum* in a humidity-controlled room, with a 12-hour light and 12-hour dark cycle. The room temperature was maintained at 25 ± 1°C.

After habituation for 1 week, the abdominal aorta was ligated over an inserted catheter in all rats to induce AAA. On days 0, 1, 2, 3, 5, 7, 10, 14, 21, and 28 after the induction of hypoperfusion, aortic diameters were measured, and the rats were sacrificed. All surgery was performed under anesthesia using medetomidine, midazolam, and butorphanol. All efforts were made to minimize suffering.

Induction of hypoperfusion of the abdominal aortic wall {#S0004-S2002}
-------------------------------------------------------

The induction of hypoperfusion of the abdominal aortic wall was performed as previously described \[[4](#CIT0004)--[6](#CIT0006),[34](#CIT0034)\]. First, the infrarenal aorta was exfoliated from the perivascular tissue. In the PVAT-removal treatment group, the PVAT was removed at this point (Figure S11). Next, vessels branching from the abdominal aorta were then ligated with a 5--0 silk suture (Akiyama Seisakusyo Co., Tokyo, Japan) to block the blood supply. A plastic catheter (Medikit, Tokyo, Japan), shortened to 9 mm in length, was inserted via a small incision adjacent to the renal artery branches, and the incision was then repaired with a 6--0 monofilament suture (Alfresa Pharma, Osaka, Japan). The abdominal aorta was ligated with a 5--0 silk suture together with the inserted plastic catheter. Lastly, the 5--0 silk suture that blocked the blood in the aorta was untied and the blood flow was re-initiated. In the sham operation, ligation of the abdominal aorta together with the inserted plastic catheter was not performed.

Sample collection {#S0004-S2003}
-----------------

The diameter of the abdominal aorta was measured using digital calipers (A&D, Tokyo, Japan). The dilation ratio was calculated according to the following formula: dilation ratio = maximal aneurysm diameter (sac)/non-dilated vascular diameter (neck). In all experimental groups, PVAT was removed from abdominal aorta before isolation. Isolated tissues were fixed in 4% paraformaldehyde (PFA) (Nacalai Tesque, Kyoto, Japan), soaked in sucrose (10, 15, and 20%), and embedded in O.C.T. Compound (Sakura Finetek Japan Co., Ltd.). These tissue samples were then stored at −80°C until use.

Histological analysis {#S0004-S2004}
---------------------

Isolated aorta cross-sections (10-µm thick) were prepared using a cryostat (CM1850; Leica Microsystems, Wetzlar, Germany) and mounted on glass slides. To compare the sections used for the analysis of time-dependent changes at the same distance from the ligation point, sections within 2 millimeters from the ligation point were prepared and used for staining. Aortic walls were visualized with hematoxylin-eosin (HE), picrosirius red (PSR), Elastica van Gieson (EVG) and immunohistochemical stains. Quantitative analysis of immunohistochemical staining was performed using the ImageJ software (National Institutes of Health, Bethesda, Maryland, USA). The adipocyte number (/section) was counted in 5 to 10 sections per aortic sample. Elastic fibers were categorized into 4 grades: grade 1, intact elastic fibers; grade 2, lack of wave form; grade 3, thinning of the wave form and/or partial disappearance of elastic fibers; and grade 4, complete disappearance of elastic fibers.

Immunohistochemical staining {#S0004-S2005}
----------------------------

PFA-fixed tissue sections were rinsed in phosphate-buffered saline (PBS) with 1% Triton-X100 and then incubated in 10% oxalic acid for 1 hr. For antigen activation, 0.1% trypsin in PBS was added to the tissue sections. Endogenous peroxidases in the tissue sections were blocked using 3% aqueous hydrogen peroxide in methanol for 8 minutes. After washing in PBS, the tissue sections were blocked with Blocking One Histo (Nacalai Tesque, Kyoto, Japan). The sections were then incubated with the appropriate primary antibody overnight at 4°C. The histological results from the aortic wall were assessed after staining using the following antibodies: MSC markers (rabbit anti-CD44 (1:50; Novus Biologicals, Littleton, CO, USA) and goat anti-CD90 (1:100; Santa Cruz Biotechnology, Dallas, TX, USA)), hypoxia-inducible factor (mouse anti-HIF-1α (1:100; Novus Biologicals, Littleton, CO, USA)), and adipocyte differentiation-related factors (rabbit anti-MKL1 (1:50; Bioss Antibodies, Woburn, MA, USA), goat anti-PPARγ2 (1:100; Santa Cruz Biotechnology, Dallas, TX, USA), rabbit anti-C/EBPα (1:50; Santa Cruz Biotechnology, Dallas, TX, USA), mouse anti-C/EBPβ (1:100; Santa Cruz Biotechnology, Dallas, TX, USA), and mouse anti-monocytes/macrophages (Mac387) (1:50; Bio-Rad Laboratories, Hercules, CA, USA)). On the following day, the sections were rinsed in PBS and incubated with the appropriate secondary antibody conjugated to horseradish peroxidase. The slides were developed with DAB (Vector Laboratories, Burlingame, CA, USA), dehydrated in an ethanol series (80, 90, and 100%), cleared in xylene, and covered with a lipid-soluble mounting medium and glass coverslips. Sections of negative control were not subjected to the primary antibodies, and representative images of negative control were shown in Figure S14.

Immunofluorescence staining {#S0004-S2006}
---------------------------

PFA-fixed tissue sections were rinsed in PBS with 1% Triton-X100. For antigen activation, 0.1% trypsin in PBS was added to the tissue sections. After washing in PBS, the tissue sections were blocked with Blocking One Histo. The sections were incubated with the appropriate primary antibody overnight at 4°C. The histological results from the aortic wall were assessed after staining using the following antibodies as described above. CD45 and CD105 in the aortic wall were assessed after staining using the following antibodies: rabbit anti-CD45 (1:50; abcam, Cambridge, UK) and mouse anti-CD105 (1:50; abcam, Cambridge, UK). The antigen was detected with anti-rabbit or anti-mouse Alexa488-, and anti-rabbit or anti-goat Alexa549-conjugated secondary antibody (Rockland Immunochemicals, Limerick, PA, USA). Sections were subjected by DAPI solution (KPL, Gaithersburg, MD, USA) for nuclear staining for 5 minutes. Slides were covered with Fluoromount^TM^ (Diagnostic BioSystems, Pleasanton, CA, USA). Sections of negative control were not subjected to the primary antibodies, and representative images of negative control were shown in Figure S15.

Real-time PCR {#S0004-S2007}
-------------

Isolated aortae were homogenized, and total RNA was isolated using Sepasol-RNA II Super (Nacalai Tesque, Kyoto, Japan) and TURBO DNA-free^TM^ Kit (Thermo Fisher Scientific, MA, USA). Synthesis of cDNA was performed with PrimeScript^TM^ II 1^st^ strand cDNA Synthesis Kit (Takara Bio, Shiga, Japan). Real-time PCR was conducted using SYBR Premix Ex Taq II (Takara Bio, Shiga, Japan), and done using TaKaRa PCR thermal cycler (Takara Bio, Shiga, Japan). Primers used for real-time PCR experiments were shown in Table S1. Amplification condition were 5s at 95°C and 30s at 65°C for 40 cycles. Internal control included *Gapdh*.

Statistical analyses {#S0004-S2008}
--------------------

Values were expressed as mean ± SEM. For between-group comparisons, the Chi-square test was used for categorical variables. Statistical differences were determined by the Steel test, the Steel-Dwass test and the Mann-Whitney U-test. A *P*-value \< 0.05 was considered to indicate statistical significance. Statistical analyses were performed using the StatView 5.0 software (SAS Institute, Cary, USA) and the EZR software\[[35](#CIT0035)\].

Disclosure statement {#S0005}
====================

No potential conflict of interest was reported by the authors.

Supplementary material {#S0006}
======================

supplemental data for this article can be accessed [here](https://doi.org/10.1080/21623945.2019.1636625).

###### Supplemental Material

[^1]: \(a\) Time-dependent changes in HIF-1α, MSC markers (CD44 and CD90), adipocyte differentiation-related factors (MKL1, PPARγ2, C/EBPα, and C/EBPβ), number of vascular adipocytes, and AAA formation. '+' indicates P \< 0.05 versus day 0 (pre-induction of hypoperfusion). Day 0 (n = 6), day 2 (n = 5), day 3 (n = 5), day 5 (n = 5), day 7 (n = 5), day 10 (n = 5), day 14 (n = 5), day 21 (n = 5), and day 28 (n = 7). (b) Time-dependent changes of mRNA expressions in HIF-1α, MSC markers (CD44 and CD90), adipocyte differentiation-related factors (MKL1, PPARγ2, C/EBPα, and C/EBPβ). Day 0 (n = 6), day 1 (n = 5), day 5 (n = 5), day 10 (n = 5), and day 21 (n = 7).
